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Abstract
Palmer and his associates (Palmer, Ames & Lindsey (1993). Journal of Experimental Psychology: Human Perception and
Performance, 19, 108–130; Palmer (1994). Vision Research, 34, 1703–1721) have confirmed that searches for simple feature
targets are not limited by perceptual processing capacity and the effect of set size on performance can be accounted for by
integration stage processes only. In this study I used a similar difference threshold method with target and distractor stimuli
defined by the relative position of their elements (line drawings of bisected squares) and found clear capacity limitations. Feature
search condition, however, with nearly comparable bisected square stimuli did replicate the results of Palmer and associates. This
experiment demonstrates that a search for targets defined by relative position in the set of line drawing type of stimuli is
fundamentally different from a search for more simple (feature) stimuli and may conform to a strict capacity limited model.
© 1999 Elsevier Science Ltd. All rights reserved.
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The main question of visual search experiments is the
effect of the number of exposed stimuli (set size) on the
performance (search efficiency). The ordinary measures
of efficiency are reaction time or percentage correct.
The usual interpretation of reaction time data is
straightforward: if additional items in display increase
the reaction time by a certain amount, then this addi-
tional time is supposedly devoted to processing these
additional items. If there is no set size effect on the RT
or if the effect is small (maybe less than 10 ms:item),
then the search must be parallel. If the effect is large,
then the search may be serial, but limited capacity
parallel models cannot be excluded. In the still popular
feature integration theory (Treisman & Gelade, 1980) it
is supposed that simple (feature) targets can be
searched in parallel and more complex (conjunction)
targets need serial (overt or covert) inspection. Yet
several counterexamples and intermediate cases have
been found. There are conditions in which conjunctions
can be searched in parallel (Nakayama & Silverman,
1986; Wolfe, Cave & Franzel, 1989; Theeuwes & Kooi,
1994), and conditions in which a search for simple
features is serial (Treisman & Gormican, 1988; Nagy &
Sanches, 1990). There are also theories which suppose
that feature-conjunction dichotomy is unnecessary and
visual search data can be explained by target-distractor
(and distractor-distractor) similarity (Duncan &
Humphreys, 1989).
The accuracy data can be fruitfully analysed in the
context of signal detection theory, which makes it pos-
sible to check different models of perceptual processing
beyond usual parallel—serial dichotomy. Mainly two
mechanisms of the set size effect have been modelled:
the decision integration and the limited capacity percep-
tual processing (Shaw, 1980; Palmer, Ames & Lindsey,
1993).
(1)The decision integration model rests on the idea
that the integration of information from several noisy
sources results in a decline of performance with increas-
ing set size, because each additional distractor increases
the chances of false alarms (e.g. Eriksen & Spencer,
1969). This effect is present in spite of the fact that the
processing of individual stimuli is not affected by set
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(2) The limited capacity model supposes that percep-
tual processing of multiple items is not independent and
is limited by some processing capacity. A simple version
of limited capacity model, that can be easily combined
with the signal detection theory, is the sample-size
model (Luce & Green, 1978; Shaw, 1980). It supposes
that percepts are formed through the internal sampling
of stimuli, the total number of available samples being
fixed. As the number of samples devoted to each stimu-
lus is inversely proportional to the set size, the sampling
error of the percepts grows in proportion with the
square root of the set size. If the limited capacity
perceptual processing stage is included, its effect should
be combined with the effect of the decision integration
stage.
Shaw (1980, 1984) has calculated the set size effects
for several versions of these models using signal detec-
tion theory and percentage correct as the dependent
variable. She found in her experiments (Shaw, 1984)
that the set size effect in luminosity increment detection
is accounted for by decision stage involvement only.
The effect of set size in the letter detection task was
larger and can be explained by assuming the additional
involvement of the limited capacity coding stage. This
result is important, but the letters as visual patterns
seem to be too complex and heterogeneous for clear-cut
theoretical analysis of underlying computational
mechanisms.
Palmer et al. (1993) have introduced a convenient
method to measure the set-size effects for different
stimuli while controlling the target-distractor similarity
(discriminability). In this method the threshold of target
detection in terms of difference between target and
distractors is used as the measure of performance. For
example: the target may be the long line among shorter
distractor lines. Then we can ask how much longer
must the target be than the distractors in order to be
detected with a probability of 0.75. The threshold rises
with an increase in the number of distractors. Different
slopes of rise correspond to different models of percep-
tion. The authors computed theoretical slopes for deci-
sion integration and fixed capacity (sample-size)
models. The results of their experiments (Palmer et al.,
1993; Palmer, 1994) with various simple stimuli are well
in accordance with the model, which has no limited
capacity of perceptual processing—the whole set-size
effect can be accounted for by the integration of infor-
mation from supposedly noisy percepts in the decision
stage.
Experiments (Palmer, 1994) with several more com-
plex stimuli (line bisection and point orientation) pro-
vided results intermediate between the decision model
and the fixed capacity model. Close examination of
these stimuli reveals that they are not the best candi-
dates for generic attention demanding stimuli. The line
bisection stimuli (Ls among Ts) have several cues such
as orientation, curvature or maximal length, which can
be discriminated preattentively. Their complexity is
mainly the result of their random orientations. The
point orientation stimuli are special because they may
need some grouping operation to define them as
objects.
In these studies (Palmer et al., 1993; Palmer, 1994)
the simplest theoretical models were used, which sup-
posed a linear relationship between the physical target-
distractor difference and the respective discriminability
of the internal percepts. The set-size effects, predicted
by these models are constant for given performance
level (75% correct) and range of set sizes (1–8). In a
more recent study, McLean, Palmer and Loftus (1997)
generalised this model, taking into account the possible
nonlinearity. In this generalised model the magnitude of
the internal percept is supposed to be a power function
of stimulus magnitude. The theoretical set size effects
arised from decision integration or limited capacity
processing stages are not constant any more, but depen-
dent on the exponent of this power function.
In the present study I have attempted to design
prototypical ‘complex’ stimuli with measurable target-
distractor similarity. These stimuli consist in simple line
drawings of asymmetrically bisected boxes, the distrac-
tors being the mirror images of the target (See Fig. 1).
The target has no simple discriminative ‘features’ and it
differs from distractors only in the relative position of
its components. It is important that these supposedly
‘complex’ stimuli have their ‘feature’ stimuli counter-
parts—the same, physically identical, asymmetrically
bisected, target among symmetrically bisected distrac-
tors. In this case the target has unique simple compo-
nents (rectangles of certain width or certain spatial
frequencies) which are not present in distractors. The
size (spatial frequency) is usually considered as an
example of primitive feature, which can be analysed
preattentively (e.g. Treisman, 1986).
The goal of this study is to examine the effect of the
set size on the accuracy of the visual search using these
two types of stimuli: (1) target deviates from distractors
by the relative position of its elements only; and (2)
target deviates from distractors by the presence:absence
of simple features.
The target is the same in both conditions. The target-
distractor discriminability is varied parametrically.
It was hypothesised that the set-size effect on the
search of the feature target may be modest and similar
to the predictions of decision model. The expectations
about the effects with relative position target are not so
clear. According to several traditional views (Julesz,
1975; Treisman & Gelade, 1980), we can expect a large
set size effect with these stimuli, because they have no
simple discriminating ‘features’, they have equal first
and second order statistics and consequently equal
power spectra. But there is some evidence that parallel
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search may be possible even with relative position
stimuli (Heathcote & Mewhort, 1993). Moreover there
are also late selection theories (Duncan & Humphreys,
1989) which predict that differences in the set-size ef-
fects can be completely explained by target-distractor
(and distractor-distractor) similarity and thus must be
eliminated when we equate similarity.
1. Methods
1.1. Stimuli
The examples of stimuli are depicted in Fig. 1. The
targets and distractors were squares bisected each by a
vertical line in different locations. The size of square
was 1616 pixels on the monitor screen (about 7 mm,
or 0.7° when viewed from the distance of 60 cm).
Two different experimental conditions were used,
with different types of distractors corresponding to
either feature or relative position search conditions. The
target itself was the same in both conditions. The
similarity between target and distractors was manipu-
lated by variable location of the bisecting line inside the
square along the horizontal dimension. In the feature
search condition this line was located exactly in the
centre for the distractors and shifted away from the
centre to the left by 1, 2, 3 or 4 pixels for the target. In
the relative position search condition the bisecting line
was displaced from the symmetry axis for both the
targets and the distractors; to the left for the target and
to the right for the distractors (by 1, 2, 3 or 4 pixels as
in the first condition). Thus in the relative position
condition the physical target-distractor difference was
actually two times larger than in the feature condition
(2, 4, 6 and 8 instead of 1, 2, 3 and 4 pixels). The
stimuli were drawn by a light grey on a dark back-
ground. The set size was varied from 1 to 8 (1, 2, 4 and
8).
The stimuli could appear in random positions inside
the imaginary ring around the fixation point with inner
radius equal to 14 mm and outer radius equal to 28 mm
(i.e. approximately from 1.4 to 2.8°). In order to con-
trol possible effects of lateral masking, the average
distance between the neighbouring stimuli was kept
approximately equal for set sizes 2, 4 and 8. This was
achieved by constraining the sector of the ring where
the stimuli could appear with definite size—90, 180 or
360° for set sizes 2, 4, and 8, respectively.
1.2. Procedure
The centrally localised fixation point was displayed
between the trials. Subjects initiated a trial by pressing
the enter key on the keyboard. The set of stimuli was
exposed for 51 ms. Subjects had to respond by pressing
the designated keys: 1—for target present, 2—for
target absent. No feedback about correctness was pro-
vided. The experiment was run in blocks of 50 trials.
The blocks with different conditions were interleaved
and counterbalanced for order.
1.3. Subjects
A total of four observers (three male and one female,
aged between 17 to 48) took part in the experiment. All
had normal or corrected-to-normal vision. EP (the au-
thor), has participated as an observer in several psycho-
physical experiments. In the course of pilot experiments
he was extensively trained with these and similar stim-
uli. Others (IR, MP and SL) had no previous experi-
ence in psychophysical experiments and had no
information about the goal and the theoretical back-
ground of this experiment. Each subject participated in
Fig. 1. Examples of stimuli. Search for feature (a) and search for
relative position (b). Both examples represent set size eight with target
present.
E. Po˜der : Vision Research 39 (1999) 1321–13271324
Fig. 2. Psychometric functions on the target-distractor difference for two search conditions: feature (left) and relative position (right) and for two
observers: EP (top) and IR (bottom). Lines represent the approximation with cumulative normal. Error bars (presented only in few representative
points) indicate the standard error of observed percentages. (Because of equal numbers of observations per data point the sampling error is
determined simply by the corresponding percentage).
3200 trials: 100 per each combination of factors: two
search conditions (feature or relative position), four set
sizes and four levels of target-distractor similarity.
2. Results
The psychometric functions of two observers (EP and
IR) on the target-distractor difference for two search
conditions and for four set sizes are presented in Fig. 2.
The observed data were approximated with cumulative
normal curves using probit regression (Finney, 1971).
The best fit was obtained when the independent vari-
able (target-distractor difference) was measured on a
logarithmic scale. There are large differences across
these two observers, but it is also clear that the effect of
set size is fundamentally different in the two search
conditions.
The difference thresholds at 75% correct level were
measured from the psychometric functions. These dif-
ference thresholds as dependent on set size (averaged
data of all four observers) are depicted in Fig. 3. The
slopes of these log-log curves measure the set-size effect
on the performance.
The estimated slopes for all four observers (and their
means) for two search conditions are given in Table 1.
The mean set-size effect is 0.2290.04 for feature search
and 0.9390.06 for relative position search. These val-
ues are reasonably close to the theoretical values of 0.25
for decision integration model, and 0.75 for fixed ca-
pacity (sample size) model (Palmer et al., 1993),
respectively.
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Fig. 3. The estimated difference thresholds as dependent on set size
for feature and relative position search (averages of four observers).
Error bars indicate the standard errors of the mean.
Fig. 4. The comparison of data from individual observers with the
predictions of theoretical models (calculated after McLean et al.,
1997).
But these theoretical predictions are valid only if the
relationship between the target-distractor physical differ-
ence s and discriminability d % is linear:
[d %w ·s],
w being constant. In the more general model the discrim-
inability is a power function of the target-distractor
difference,
[d %w · sb]
(w and b are constants). Then the predicted set-size effects
are not constant but inversely proportional to the expo-
nent b (McLean et al., 1997). Therefore, the exponents
(or equivalently the log-log slopes) of empirical psycho-
metric functions should be measured.
The hit and false alarm probabilities were converted
to d % (assuming equal variance noise and signal distribu-
tions), the relationship between d % and target-distractor
difference was approximated with power function and the
exponent b for all observers in both search conditions was
estimated. These estimations are given in the last two
columns of Table 1.
There was only one individual exponent that was
reliably (PB0.05) different from one. But the exponents
in the two conditions seem to differ systematically, being
larger in the feature search condition. The difference
between the mean values 1.13 and 0.79 was significant
(paired-sample t-test, PB0.001). Can this difference
modify our conclusions when taken into account for
calculating predicted set-size effects?
The comparison of the results of the present study
(data from individual observers) with the predicted
values for decision and fixed capacity models calculated
according to McLean et al. (1997) are depicted in
Fig. 4.
Table 1
The measured set-size effects (log threshold vs log set-size slopes) and the exponents of psychometric functions (d % vs target-distractor difference)
Observers Exponents of psychometric functionsSet-size effects
Feature Relative positionFeature Relative position
0.90 1.21EP 0.800.26
0.83 0.79IR 0.480.15
0.971.310.90MP 0.16
1.10 1.20SL 0.920.31
0.22 0.79Mean 1.130.93
0.110.120.060.04Standard error of the mean
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The empirical data group still quite close to the
theoretical predictions: the feature search data to the
decision model, and the relative position data to the
fixed capacity model. The means of four observers fall
almost exactly on the lines of theoretical predictions
and the differences from alternative models (feature
search vs fixed capacity model and relative position
search vs decision model) are highly significant.
3. Discussion
These results demonstrate that the perception of rela-
tive position is limited by processing capacity. There are
reaction time studies which have reached the similar
conclusion (e.g. Logan, 1994; Saarinen, 1996). In the
present study I have replicated this result using the
difference threshold method (Palmer et al., 1993) and
comparison with almost identical feature stimuli, which
can be used as control for elimination of various sen-
sory or method-related effects.
The results of the present study appear to reject the
idea of Duncan and Humphreys (1989), that search
efficiency is determined by target-distractor (and dis-
tractor-distractor) similarity for all stimuli. The differ-
ence threshold method used in the present study
provides a systematic control for similarity. In spite of
equal target-distractor similarity (discriminability) the
effect of the set size was clearly different for feature and
for relative position stimuli.
The relative position seems to be fundamentally dif-
ferent from other, more simple attributes of stimuli. It
may be conjectured, after Julesz (1975), that there are
capacity limitations for discrimination of objects, if
they have the same second-order statistics (or power
spectra). But this conclusion is certainly too strong in
the light of the results of some recent experiments. For
example, there is evidence that the orientation of curva-
ture (Wolfe, Yee & Friedman-Hill, 1992) and objects
which have simple 3D interpretation (Enns & Rensink,
1991; Sun & Perona, 1996) can be discriminated in
parallel regardless of the fact that the targets and the
distractors in these experiments had equal power spec-
tra in 2D image.
Rentschler and Treutwein (1985) used compound
gratings (which were in principle similar to the stimuli
of the present study), and found that the efficiency of
discrimination of relative position falls dramatically
when eccentricity is increased. I held the (average)
eccentricity constant and found a substantial effect of
the set size, which can be interpreted as attentional.
Future experiments can probably determine the exact
roles of retinal position and allocation of attention in
the perception of relative position.
It may be hard to reconcile the results of the present
study with the results of Heathcote and Mewhort
(1993), who used reaction time as the dependent mea-
sure. After 1600 trials their subjects learned to discrim-
inate relative position stimuli in parallel (the slope of
reaction time as a function of set size levelled off). In
the present study observer EP (the author) ran several
thousand pilot trials before the final experiment. In
spite of change in the absolute level of performance, the
set size effects did not change.
There are several differences between the stimuli and
procedures of these experiments.
The stimuli used here were line drawings, the stimuli
employed by Heathcote and Mewhort were filled
rectangles, composed of bright and dark halves (and
halves with different colours). This may be an impor-
tant difference, because Sun and Perona (1996) have
found large variation in the search efficiency between
halftone pictures and line drawings.
The stimuli were presented in random positions (with
certain constraints) in the present experiment, their
stimuli were exposed in a circle with small jitter around
standard positions. It is possible that there may be
subtle discrimination cues at the global level, dependent
on regularity of configuration. Humphreys, Quinlan
and Riddoch (1989) have demonstrated the effect of
display regularity on the search efficiency, and ex-
plained it by grouping process.
Heathcote and Mewhort (1993) observers were pro-
vided also with on-line feedback in the course of train-
ing, which can affect the results.
These alternative (and other possible) explanations
may be tested in future experiments. Interestingly, the
values of the estimated difference thresholds were very
close to the theoretical values that can be derived from
the decision integration and fixed capacity models.
There are several factors which may disguise these
values. I did not control sensory effects as completely
as Palmer (1994) did, because a relevant set and precue
scheme was used in the latter investigation. If we sup-
pose that the confounding factors have similar effects in
both (feature and relative position) conditions, then we
can conclude that these effects are probably not very
large. However, we cannot be sure that the impact of
sensory effects like lateral masking was completely ex-
cluded. This problem may appear differently as depen-
dent on the particular conception of attention. Palmer
(Palmer et al., 1993; Palmer, 1994) deliberately excluded
from attention all processes not under voluntary con-
trol. A more usual view acknowledges two mechanisms
of attention: voluntary (top-town) and involuntary
(bottom-up), and even lateral masking effects may be
explained by distribution of attention (e.g. Wolford &
Chambers, 1983; He, Cavanagh & Intriligator, 1996). It
is not very clear, which conceptual scheme may be
ultimately the best for modelling the limitations of
visual perception.
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The fact that my relative position data are well
explained by the sample size model does not rule out
other models of limited capacity. The sample size model
is best understood as a model of parallel processing,
but the fixed capacity is consistent with both parallel
and serial processing. It is probable, that several purely
serial or group scanning models (e.g. Bergen & Julesz,
1983; Verghese & Pelli, 1992) can be adapted to ac-
count these data as well.
In any case there are good reasons to believe that the
feature and relative position stimuli used in this experi-
ment are near the endpoints of an imaginary continuum
that measure the necessity of the involvement of limited
resources in the visual search task given clearly sepa-
rated objects as targets and distractors. This character-
istic is related to the structural properties of stimuli and
is independent of target-distractor similarity. The stim-
uli with moderately complex attributes (sign of curva-
ture, relative position in halftone pictures, standard
feature conjunctions) may lie somewhere between these
endpoints.
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